Background: Linkage of public healthcare data is useful in stroke research because patients may visit different sectors of the health system before, during, and after stroke. Therefore, we aimed to establish high-quality big data on stroke in Korea by linking acute stroke registry and national health claim databases. Methods: Acute stroke patients (n = 65,311) with claim data suitable for linkage were included in the Clinical Research Center for Stroke (CRCS) registry during 2006-2014. We linked the CRCS registry with national health claim databases in the Health Insurance Review and Assessment Service (HIRA). Linkage was performed using 6 common variables: birth date, gender, provider identification, receiving year and number, and statement serial number in the benefit claim statement. For matched records, linkage accuracy was evaluated using differences between hospital visiting date in the CRCS registry and the commencement date for health insurance care in HIRA. Results: Of 65,311 CRCS cases, 64,634 were matched to HIRA cases (match rate, 99.0%). The proportion of true matches was 94.4% (n = 61,017) in the matched data. Among true matches (mean age 66.4 years; men 58.4%), the median National Institutes of Health Stroke Scale score was 3 (interquartile range 1-7). When comparing baseline characteristics between true matches and false matches, no substantial difference was observed for any variable.
INTRODUCTION
Linked health datasets from multiple sources offer a powerful resource for conducting epidemiological and clinical studies. [1] [2] [3] [4] Linkage with public healthcare data is useful in stroke research because stroke patients may enter into different sectors of the healthcare system before, during, and after stroke. Linked large-scale datasets enable researchers and healthcare practitioners to obtain a comprehensive view of stroke care and to improve national stroke care systems. 5, 6 There are several advantages to using large-scale medical datasets in Korea because health data are computerized and there is a government-administered universal health insurance system. 7 However, access to personal identifiers is strictly prohibited by the Personal Information Protection Act (PIPA) in Korea; and many uses of health data are consequently discouraged, especially including linkages to external data using personal identifiers. These confidentiality requirements even apply to research that is conducted with the aim of improving public health. Although the requirements are known to affect the linkage process, large-scale linked administrative datasets are demonstrating increasing importance in epidemiological and clinical stroke research, since their use can improve research quality and transparency. 8, 9 Since 2006, the Clinical Research Center for Stroke (CRCS), a 9-year research project supported by government funding, has established the largest nationwide acute stroke registry in Korea. 10-12 Therefore, we aimed to build a large dataset on stroke in Korea by linking the CRCS stroke registry with the Health Insurance Review and Assessment Service (HIRA) administrative claim database.
METHODS

The CRCS data and the HIRA data
The CRCS registry was started in 2006 to collect data on acute stroke or transient ischemic attack (TIA) (within 7 days after onset) in Korea. The CRCS is supported by the Korea Healthcare Technology R&D Project of the Ministry of Health and Welfare in the Republic of Korea. Using a web-based database, CRCS collects clinical information on all acute stroke patients hospitalized at the neurology departments of a total of 65 participating hospitals. According to predefined protocols, demographic features, risk factors, stroke characteristics, treatment information, National Institute of Health Stroke Scale (NIHSS) scores, and laboratory information were collected at the time of entry into the registry database by stroke physicians or trained nurses. Data quality is monitored and audited regularly. [10] [11] [12] The HIRA collected and managed claims data related to the National Health Insurance (NHI) program in the process of reimbursing healthcare providers in Korea. Accordingly, the HIRA database contains all information on the diagnoses, treatments, and prescribed medications for approximately 50 million Koreans. The information on prescribed drugs includes brand name, generic name, prescription date, duration of administration, and route of administration. In addition, all diagnoses are coded according to the International Classification of Disease, Tenth Revision (ICD-10). 7,13-15
Data cleaning and preparation for linking datasets
We initially screened 108,430 stroke registry cases recorded from 65 participating hospitals in 2006 to 2014. These cases were screened based on the CRCS identifier. We excluded case records from 31 hospitals from which the patients were inconsistently registered (n = 8,709), patients who visited a hospital more than 7 days after stroke symptom onset (n = 3,113), and patients with inaccurate insurance claim data (n = 31,297). A total of 65,311 patients from the hospitals were finally included in the dataset that was used for linkage ( Fig. 1) .
Data linkage methods
We linked CRCS and HIRA data (2007-2017) via a type of statistical matching that used common variables that were shared and stored in the enrolled hospitals and the HIRA. First, we used the claim data to identify common variables for linking the CRCS and the HIRA data. The selected common variables needed to be accurate, and there were no missing data for the linking process. 16 From claim data, we choose four variables for matching: provider identification, receiving year, receiving number, and statement serial number. Additionally, we selected gender and date of birth as common variables for linking the two databases. Together, these six variables were used as the matching variables for the data linkage. The matching process was performed in the server for HIRA using Sybase IQ software (Sybase Inc., Dublin, CA, USA). After the linking was completed, all linked data were de-identified before analysis of the dataset.
Analysis of linkage accuracy and statistical analysis using linked data
First, we assess the matching rate (1:1 matching) of CRCS data that had been linked to HIRA data. Second, we evaluated linkage quality and errors during the linkage process. To assess the quality of the linked data, we compared the hospital visiting date in the CRCS data to the commencement date for health insurance care in the HIRA. If the difference between the two dates was 7 or fewer days, we accepted the case as a true match. In addition, we used absolute standardized differences (ASDs) to compare the baseline characteristics of true matches and false matches in linked data. ASD analysis was used because it is expected to be more informative than P values for comparing large linked datasets, and may help to identify variables affected by potential bias due to linkage errors. 3, 17, 18 For all variables, ASDs that are less than 0.2 represent small standardized differences. 3, 18 Finally, we created a linked CRCS-HIRA database based on the truly matched cases. The purpose of this database was to allow analyses of outcomes after index stroke. 
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Statistical analysis
We presented categorical data as frequencies (proportions) and normally distributed continuous variable data as means ± standard deviations (SDs) or medians (interquartile ranges [IQRs] ), as appropriate. To compare the baseline characteristics between groups, univariate analyses were conducted using either Student's t-tests or Mann-Whitney U tests for continuous variables and χ 2 or Fisher's exact tests for categorical variables. Statistical analyses were performed using the SAS statistical software (Release 9.4; SAS Institute Inc., Cary, NC, USA).
Ethics statement
The study was approved by the Institutional Review Board (IRB) of Seoul National University Hospital, 33 participating hospitals and HIRA (IRB No. H-1608-078-785) . Informed consent was waived by the IRB.
RESULTS
Accuracy of data linkage between CRCS and HIRA data
A total of 65,311 cases were processed using the linkage algorithm, of which 677 were unmatched or one-to-many (1:M) matched. In total, 64,634 cases were one-to-one (1:1) matched in the HIRA dataset; the overall matching rate was 99.0%.
As described in the Methods, we classified matches as true or false based on the difference between the hospital visiting date in the CRCS data and the commencement date for health insurance care in the HIRA data. Among the matched records, 61,017 cases (94.4%) were truly matched and 3,617 cases (5.6%) were falsely matched, giving an accuracy rate in the total matched dataset of 94.4% (Fig. 1) . The baseline characteristics of true matches and false matches are summarized in Table 1 . When we used ASD values to compare the baseline characteristics of true matched cases and false matched cases, no substantial difference was observed for any variable ( Table 1 ).
The characteristics of the true matches were analyzed in detail. The mean age was 66.4 years and 58.4% of the patients were men. Recanalization treatments were received in 13.9% of the cases (intravenous [IV] thrombolysis 67.5%, endovascular treatment 16.0%, and combined IV thrombolysis and endovascular treatment 16.5%) and the median NIHSS score was 3 (IQR 1-7) . Of the cases, 91.1% (n = 52,213) were ischemic stroke, 7.0% (n = 3,988) were TIA, and 1.9% (n = 1,113) were hemorrhagic stroke. Among the cases of ischemic stroke, 34.9% were accounted for by large artery atherosclerosis, 24.2% by small vessel occlusion, 18.6% by cardioembolism, 2.6% by other determined factors, and 19.7% by undetermined factors.
DISCUSSION
We have established a large dataset on stroke by linking the CRCS registry and administrative HIRA data. A matching rate of 99.0% was achieved by using data from claims as matching variables, without relying on personal identifiers. Additionally, the accuracy of the linkage was high (94.4%). Moreover, there was no substantial difference in baseline characteristics between the true matches and the false matches.
Administrative big data from healthcare databases could be an important resource for clinical studies. In the present study, the healthcare big data involved population-based databases and charge information. It provides easy-to-access longitudinal data from the period after the patient has left the hospital, for follow-up and trend analyses. 4, 5, 19 The HIRA data include rich and diverse information on healthcare services, such as diagnosis, treatments and procedures; histories of prescribed medications; costs; and medical care institutions that belong to the universal insurance coverage system. HIRA data could cover 98%-99% of the total population of Korea. Moreover, the HIRA data contain both in-hospital and outpatient clinics information, allowing longitudinal follow-up of utilization histories across the full range of health care services. 7, 8, 15 However, the HIRA data do not include clinical information, such as on management during acute stage, severity of disease, laboratory findings, risk factors, or clinical history from the time of disease occurrence. The CRCS registry includes a variety of clinical characteristics, such as clinical history, treatment, severity of stroke, and laboratory information from acute stroke management. However, it is difficult to investigate and analyze stroke outcomes using the CRCS data because they do not include longitudinal outcomes or follow-up information after the index stroke. Therefore, linkage of the HIRA and clinical data, such as the CRCS data from hospitalizations, could serve as a powerful research resource to study stroke prognosis and healthcare service utilization, from acute to chronic stages of stroke.
Despite the importance of linking big data, the linkage of public health data (even for the public good) is limited in Korea because access to personal identifiers is severely regulated by PIPA even for research. 8,14,15 Therefore, instead of using personal identifiers, we linked the CRCS registry data and the HIRA data using data from claims for the linkage variables. Although the matching rate and accuracy may be low in comparison with deterministic linkages using personal identifiers, the accuracy and matching rates that we obtained were similar to previous reports using probabilistic linkage (86%-99%), based on a type of statistical matching method using common variables in our study. 1,5,20-22 Moreover, we assessed the accuracy of the matched data and evaluated the characteristics of the two datasets. In the HIRA database, the commencement date for health insurance care was generated from data that had been submitted from each center for reimbursement for medical services. Therefore, it may differ from the actual hospital visiting dates in the CRCS. We evaluated the accuracy of the matched data based on the difference between the two dates (≤ 7 days), in consideration of this discrepancy. The linkage of HIRA data to the CRCS registry data during acute stroke management could provide access to outcome data. In addition, the linkage of administrative data in the HIRA can be a significant resource for updating missing registry data. Medical histories are important for evaluating vascular risk factors in stroke patients prior to the index stroke; therefore, it is important to update medical histories of registered patients. Moreover, we can evaluate and follow the outcomes and complications following strokes based the linked data. Longitudinal administrative data linkage can also improve estimates of stroke recurrence, mortality, and health services monitoring.
This study had several limitations. First, the accuracy of our linked data may be lower than deterministic linkages method using personal identifiers. Moreover, we did not evaluate the sensitivity and specificity of our linked dataset, because it is difficult to evaluate the unlinked cases (such as false negatives or true negatives) in our study due to the PIPA regulations in Korea. Although there were limitations to linking method and accuracy, the matching rate and the data accuracy in the present study are similar to those from previous studies. 1,20 Therefore, the linkage method and accuracy of linked data of our study are reliable. Second, of all the patients, 3,617 were falsely matched, therefore these missing cases and linkage errors could have led to biased result. However, no substantial differences were observed when comparing the baseline characteristics of true matches and false matches to evaluate potential sources of bias. Therefore, the bias deriving from falsely matched data might be minimal. Third, our linking method is only possible in studies with access to information from hospitals. We linked data using the common claim data in each hospital record and in the HIRA. Moreover, data linkage accuracy is dependent on the quality of matching variables. Therefore, it would be difficult to use our method for linking data from cohort studies that do not have access to claims. Fourth, information associated with non-covered healthcare service are absent in the linked data because the claims data in the HIRA are collected for reimbursement of healthcare services under the insurance system in Korea. Despite these limitations, we have built a linked, large data source on stroke in Korea that has a high matching rate, without using personal identifiers. Moreover, using this linked stroke data, we expect to perform several nationwide stroke studies, including epidemiological analyses, comprehensive assessments of the national stroke care system, and research directed at the goal of improving stroke care.
In conclusion, our study shows the feasibility of linking the administrative data and registry data with high accuracy despite the limitations imposed by confidentiality requirements in Korea. Moreover, we constructed a large-scale linked stroke database that should allow the development of prognostic prediction models and the analysis of longitudinal outcomes following stroke. Using this resource, we expect that it will be possible to conduct a broader range of nationwide stroke research and improve stroke care. Further studies and efforts are needed to improve the accuracy of data linkage in Korea.
